We study the photo-and electro-productions of the vector kaon off the proton, i.e., γ ( * ) p → K * + π 0 Σ 0 , and investigate the line shape of the π 0 Σ 0 invariant mass in an effective Lagrangian approach with the inclusion of a K * N Λ * interaction. Relevant electromagnetic form factors for the neutral hyperons and charged strange mesons are constructed by considering experimental and theoretical information. We find that the Λ * peak is clearly observed for the photo-and electroproductions with the finite K * N Λ * interaction, whereas the clear peak signals survive only for the electro-production, when we ignore the interaction. These different behaviors can be understood by different Q 2 dependences in the K * electromagnetic and K * → γK transition form factors. We suggest a photon-polarization asymmetry Σ to extract information of the K * N Λ * interaction. It turns out that Σ near the Λ * peak region becomes negative with a finite K * N Λ * interaction while positive without it for Q 2 = 0, due to the different naturalities of K and K * exchanges. For Q 2 = 0, we observe more obvious signals in the peak region due to the additional contribution of the longitudinal virtual photon for Λ * .
I. INTRODUCTION
Hadron spectroscopy is one of the most active fields to understand the nature of the low-energy (nonperturbative) strong interactions of quarks and gluons, being governed by quantum chromodynamics (QCD). In the low-energy region, it is believed that chiral symmetry plays an important role, which provides nontrivial mechanisms to generate the masses of hadrons as known by spontaneous breakdown of chiral symmetry (SBCS). Based on this idea, effective field theories have been developed in terms of the chiral dynamics with the pseudoscalar (PS) meson degrees of freedom, since the PS mesons are the massless-mode realization of SBCS, i.e., chiral perturbation theory (ChPT) for instance [1] . Beyond perturbation, p-wave baryon resonances of negative parity have been explored with the help of unitarity condition in the coupled-channel approach [2] [3] [4] [5] with much success.
It is worth mentioning that the chiral unitary model (ChUM) is a very useful theoretical tool to address low-lying swave baryon resonances [5] . Among successful descriptions of the resonances, the model suggests that Λ(1405, 1/2 − ) ≡ Λ * is a meson-baryon molecular state rather than a simple three-quark state. Moreover, the line shape of the production data via γp → K + πΣ can be interpreted by the destructive interference of the two poles in the complex energy plane, where the higher-mass pole at (1430+15i) MeV couples strongly to theKN channel and the lower-mass pole at (1376 + 63i) MeV to the πΣ one. The two-pole scenario has been supported in various theoretical approaches, including the recent lattice-QCD simulation for its strange magnetic form factor [6] .
Recently, the CLAS (CEBAF Large Acceptance Spectrometer) collaboration at Jefferson laboratory (JLab) reported in Ref. [7] that the invariant-mass line shape from the electro-production of kaon in γ * p → K + πΣ shows two bump structures in the vicinity of M πΣ = (1.35 ∼ 1.45) GeV which is quite different from that of photo-production data [8] [9] [10] . In our previous work [11] , this distinctive features of the invariant-mass line shape was explained by the different interference pattern due to the electromagnetic (EM) form factors of the two poles: The interference between the two poles becomes constructive, resulting in the two bumps appearing near the higher and lower pole positions. Although there were some theoretical uncertainties, this observation supports the two-pole scenario for the Λ * structure [12] . In the present work, we would like to investigate the interference effects of the two poles and the invariant-mass line shapes carefully, in a different production-reaction process with the vector kaon (K * ), i.e., γ ( * ) p → K * + π 0 Σ 0 .
Because there are so far only a limited experimental data for K * productions, many of our results shows here are predictions and provide a guideline for the future experiments. This reaction process can be performed experimentally by the LEPS (Laser Electron Photon beam-line at SPring-8) at SPring-8 (Super Photon Ring -8 GeV) and CLAS collaborations in the future. Because this reaction process does not contain the Σ * (1385) contribution, one is free from the interference between Σ * and Λ * , resulting in a clear signal only from Λ * in the vicinity of the invariant mass M π 0 Σ 0 = (1.35 ∼ 1.45) GeV. In addition to focusing on the differences between the photo-and electro-productions of Λ * , one of the theoretical motivations of the present work is to estimate the strong-coupling strength of g K * N Λ * , which is rarely studied in theories and experiments. For instance, in Ref. [13] , g K * N Λ * was estimated using the ChUM approach with the Kroll-Ruddermann (KR) interaction in terms of the vector dominance. Taking the present situation into consideration, we also want to provide a unique experimental method to determine the K * N Λ * interaction strength by taking into account the incident-photon polarizations. The study of vector mesons provides information of their dynamics which is as important as of the Nambu-Goldstone bosons.
As a theoretical tool to study the present reaction process, we employ the effective Lagrangian method at the treelevel Born approximation together with the theoretical and experimental inputs for the strong and electromagnetic (EM) hadron properties. As for the strong form factors, we make use of the conventional Lorentzian type as done in our previous works [11, 14] , whereas the neutral-hyperon EM form factors are parameterized by using the information of their electric charge radii, which were computed by various theoretical models including ChUM [12, 15] . The theoretical results of Ref. [16] are used to parameterize the EM form factor of the charged vector kaon, and the K * → γK transition form factor is devised by combining the light-cone sum rule [17] and the kaon light-cone wave function, which was computed using the nonlocal chiral-quark model based on the instanton QCD vacuum by the authors [18, 19] . The gauge-invariant prescription is also taken into account to satisfy the Ward-Takahashi (WT) identity for both of the photo-and electro-productions [11] .
As for the invariant-mass line shape dσ/dM π 0 Σ 0 , we find that the lower-pole contribution of Λ * turns out to be much smaller than the higher one, when results of ChUM results are employed in reaction calculations. Therefore, we do not have considerable interferences between the two poles for Λ * in the present reaction process. The background (BKG) contribution comes mainly from the destructive and constructive interferences between Λ and Σ ground-state contributions for the photo-and electro-productions, respectively, due to that their EM form factors change the relative signs between the invariant amplitudes. We also find that the Λ * peak is clearly observed for the photo-and electro-productions with the finite K * N Λ * interaction, whereas the peak survives only for the photo-production when we ignore the interaction. These behaviors of the peak can be finally understood by the different Q 2 dependences in the K * electromagnetic and K * → γK transition form factors. Finally, we suggest a photon-polarization observable Σ, which identify the strength of the K * N Λ * interaction uniquely. It turns out that the value of Σ near the Λ * peak region M π 0 Σ 0 = 1.43 GeV becomes negative with the interaction and positive without it for Q 2 = 0, according to the different interaction structure of K and K * with respect to the polarized photon. As for Q 2 = 0, we observe similar but clearer signals, but the Σ curves slightly change, because the scalar component of the photon polarization enhances the spin-1 exchange.
The present paper is organized as follows: In Section II, we briefly introduce the theoretical framework. The numerical results and relevant discussions are given in Section III, and Section IV is devoted to the summary of the present work.
II. THEORETICAL FRAMEWORK
In this Section, we would like to describe the theoretical framework briefly, based on the effective Lagrangian approach in the tree-level Born approximation. The relevant Feynman diagrams for γ ( * ) p → K * + πΣ are shown in Fig. 1 , in which we also define the four momenta for each particle involved. The diagram (a ∼ c) are responsible to satisfy the Ward-Takahashi identity (WTI) for the pseudoscalar (PS) P BB coupling scheme, where P and B indicate the PS meson and spin-1/2 baryon, respectively. The diagrams (e ∼ g) are derived from the Weinberg-Tomozawa (WT) P B → P B and Kroll-Ruderman (KR) V B → P B [13] interactions. Here, V stands for the vector mesons, such as K * (892, 1 − ). We note that there are more diagrams, in which the photon couples to the outgoing Σ. We, however, verified that their contributions are much smaller than those from the diagrams shown in Fig. 1 . Therefore, we ignore them in the present work.
To compute the diagrams in Fig. 1 , we define the effective Lagrangians for the electromagnetic (EM) and strong interaction vertices as follows:
As for the πΣB and KN B interactions we replace (H, L) into γ 5 B in the Lagrangians. Due to the lack of the experimental and theoretical information, we ignored the tensor coupling g T K * N (H,L) throughout this work. The P BB coupling constants corresponding to H and L were estimated by the residues for the higher and lower poles for the Λ(1405) in the complex energy plane [5] . In Ref. [13] , the values for g K * N (H,L) and g KN (H,L) were given as functions of the KR coupling g KR ≡ g = (1 ∼ 6). Since the values of g K * N (H,L) are nearly proportional to g [13] , we examine the case with g = 1 for the most part of the present work. As for the charged transition γP V vertex, we use g γK * + K + = 0.254 GeV −1 [23] . In addition, we will take the Λ(1116, 1/2 + ) and Σ(1192, 1/2 + ) contributions for the diagram (b) as the hyperon backgrounds (BKG). The strong-coupling constants for Λ and Σ are employed from the Nijmegen soft-core potential model (NSC97) [24] . We also take the WT and KR contact interactions into account as the BKG contributions. The coupling constants for those contributions are given by g WT = 1/8f 2 π and G KR = (D − F )/2f π for the π 0 Σ 0 channels with D − F = 0.34 and f π = 93.3 MeV [4] . All the values for the relevant couplings are listed in Table. I.
The invariant amplitudes, shown in the diagrams (a ∼ d), for the resonance (H, L) contributions are computed from the effective Lagrangians and resulted in
Here, we used the combined coupling constants
We note that the invariant amplitudes defined in Eq. (2) can be also used similarly for the Λ and Σ BKG contributions by changing the baryon field (H, L) into γ 5 B. Note that the invariant amplitude M d is gauge-invariant by itself, due to the anti-symmetric tensor-coupling structure.
Although we have used the PS coupling scheme for the P BB and P B(H, L) Yukawa vertices, as shown in Eq. (1), there can be the pseudo-vector (PV) coupling:
where Γ 5 = (γ 5 , 1 4×4 ) for the positive-or negative-parity B, whereas B is assumed to have positive parity. The PS and PV couplings satisfy the Goldberger-Treiman (GT) relations [22] by
where Π and M indicate the parity and mass of the corresponding baryon, respectively. In the PV scheme, we may have an additional term corresponding to the γP BB contact interaction to preserve the WTI. However, in the present reaction process, the contact interaction disappears, because of the neutral pion electric charge. Using the PV Lagrangian and GT relation in Eqs. (3) and (4), the corresponding invariant amplitudes and coupling constants can be computed in a straightforward manner. However, we have verified that the the PV scheme gives essentially gives the same results as the PS scheme by tuning the cutoff parameter for the form factors, defined in Eq. (6), by about (10 ∼ 15)%. Hence, according to this observation, we will show the numerical results only from the PS scheme hereafter. There are additional BKG contributions from the KR and WT interactions as shown in the diagrams (e ∼ g) and their invariant amplitudes satisfying the WTI read: We verify that these KR and WT contributions are numerically very tiny in comparison to the others, due to the small values of g WT and G KR for g = 1 ∼ 6.
In Eq. (2), we introduced the strong (F x ) and electromagnetic (F EM ) form factors to reproduce experimental data, considering the internal structure of the hadrons. As for the strong form factors, the following parameterized form is employed:
Here, Λ strong and x indicate the strong cutoff and the Mandelstam variables (s, t, u), respectively. M x stands for the mass of the propagating particles: M s,t,u = M K,K * ,Y . As for the K-exchange diagram (d) in Fig. 1 , we assign the strong form factor F K t with M x = M K . Note that we have used the phenomenological prescription for the strong form factors to satisfy the WTI and crossing symmetry as shown in Eqs. (2) and (6) for Q 2 = 0 [14, 25] . Since we are also interested in the electro-production, we also employ the prescription, which guarantees the WTI for Q 2 = 0 [11] as follows:
The Dirac (F 1 ) and Pauli (F 2 ) EM form factors for the proton read with its anomalous magnetic moment κ p = 1.79:
where the Sachs form factors are defined by [26] G
As for the neutral hyperons (Y ) such as Λ(1116), Σ(1193), H, and L, we make use of the following form-factor parameterization, which was employed to reproduce the data for γ * p → K + πΣ [15] :
To obtain the Dirac and Fermi form factors for those hyperons, the following expressions are used:
We emphasize that the Sachs form factors in this parameterization of Eq. (10) [27] , and the values of r 2 M are chosen to be zero for simplicity. We verified that the finite values of r 2 M do not make qualitative differences in the corresponding form factors as far as we resort to the parameterization in Eq. (10) .
From the ChUM calculations [12] , the values of r 2 E,M H,L were estimated as listed in Table II and they will be used to obtain the EM form factors for H and L. We note that the complex values of r 2 E,M H,L will provide additional phase factors to the amplitude of electro-production. The anomalous magnetic moments for the hyperons are chosen to be κ Λ,Σ,H,L = (−0.64, 0.72, 0.40, 0.30) from experiments and theories [12, 23] .
The charged vector-kaon EM form factor is parameterized with its mean-square charge radius by
and r 2 1/2 K * = 0.54 fm 2 , calculated from the Lorentz-covariant Dyson-Schwinger method [16] . As for the EM transition vertex with K * → γK, F
2 ) is necessary and defined by a simple flavor-SU(3)-symmetric extension of the result given in Ref. [17] :
where φ K (u) denotes the kaon light-cone wave function as a function of the longitudinal momentum fraction u for a quark inside the meson. The value of Λ in Eq. (13) indicates the nonperturbative scale at which φ K (u) is evaluated. In Refs. [18, 19] , the present authors employed the nonlocal chiral-quark model to compute φ K (u), being based on the instanton model, resulting in the following Gegenbauer polynomial expression:
where the asymmetry coefficient turns out to be a K 1 = 0.06865 at the energy scale of Λ = 1.2 GeV with the empirical values f K,K * = (156.1, 204) MeV. Since we are also interested in the present reaction process in the low-energy region near the threshold, it must be consistent for us to use the above φ K (u) for the transition form factor here. Using Eqs. (13) and (14), we introduce the following dipole-type parameterization for numerical convenience
All the Q 2 dependence of the relevant EM form factors are plotted in Fig. 2 . Note that we observe a tendency that F
for all the Q 2 regions. In the numerical results, this tendency will play an important role in making the invariant-mass line shapes for the electro-production with and without the K * N Λ * interaction. The total amplitude for the present reaction process can be written with the resonance and BKG contributions as follows:
Note that the phase factor between the Λ and Σ contributions are determined by the Nijmegen potential model. Although there can be certain phase factors between the hyperon contributions and the (KR, WT) ones, we ignore them, by taking into account that |iM Λ,Σ | |iM WT,KR |. However, since the strengths of the resonance contributions are compatible with those of the hyperon BKG ones, we introduce a phase factor e iφ between them, whereas the phase between the H and L contributions are determined by ChUM. The phase angle φ will be treated as a free parameter (0 ≤ φ ≤ π).
III. NUMERICAL RESULTS AND DISCUSSIONS
In this Section, we demonstrate the numerical results with relevant discussions in detail. The input values for the masses and full decay widths for (H, L) are listed in Table III , being based on the ChUM results [13] . First, we show the numerical results for the invariant-mass line shapes as functions of M π 0 Σ 0 ≡ M I , i.e., dσ/dM I , for each contribution (H, L, Λ, Σ, WT, and KR) for Q 2 = 0 (photo-production) and Q 2 = 2 GeV 2 (electro-production) in the left and right panels of Fig. 3 , respectively. Here, we choose √ s = 2.35 GeV and the strong cutoff parameter for Eq. (6) is set to be 0.9 GeV, which was employed to reproduce the experimental data for γp → K + Λ(1405) [11] , since we have not had experimental data for the K * production to compare with the theory at this moment. Note that the order of the cross sections for the electro-production is much smaller than those for the photo-production, due to the EM form factors as shown in Fig. 2 .
For the photo-and electro-productions, respectively, we observe the strongly destructive and slightly constructive interferences between the Λ and Σ BKG contributions. The different interference pattern can be understood by additional phase factors in the electro-productions as shown in the diagram (b) in Fig. 1 and the EM form factors in Fig. 2 . On the contrary, we find that the WT contribution is relatively small and the KR one almost negligible for g = 1. Thus, these Λ and Σ BKG contribution make almost all the strengths of the non-resonant BKG contributions. It also turns out that the EM form factors for the electro-production make the BKG strength much smaller by a factor ∼ 10 −2 and the BKG shape tilted to the lower M I region in comparison to the photo-production, due to the interference pattern changes by the EM form factors as mentioned.
As shown in Fig. 3 , we find that the lower-pole (L) contribution is almost unseen in comparison to the higher-pole (H) one for the photo-and electro-productions, due to the much wider decay width of the lower-pole contribution as listed in Table III . If the K * N Λ * interaction is absent (g = 0), the K exchange dominates the reaction process and the H peaks show small but finite strengths in comparison to the BKG contributions. When the K * N Λ * interaction turns on with g = 1, the situation changes drastically. As for the photo-production, the effects of the inclusion of the K * exchange gives about 0.1 µb increase in the H peak position, due to a constructive interference between the K and K * exchanges. The increase due to the K * exchange is more pronounced for the electro-production, since the K * EM form factors is larger than that of K * → γK transition one at Q 2 = 2 GeV 2 as shown in Fig. 2 , resulting in the clearer peak signal at M I = 1.43 GeV over the BKG, as shown in the right panel of Fig. 3 . Now, we present the numerical results for the invariant-mass line shape including all the contributions, varying the phase angle φ defined in Eq. (16) as a free parameter. For simplicity, we only consider two cases with φ = 0 and π, and those results are shown in Fig. 4 and Fig. 5 , respectively. The vertical dashed line indicates M I = 1.405 GeV. As for the case with φ = 0 and Q 2 = 0 (photo-production) shown in the left panel of Fig. 4 , it turns out that the H and BKG contributions interfere constructively, showing a very pronounced peak in the vicinity of M I = 1.43 GeV, and a broad bump for M I 1.4 GeV, due to the BKG contributions. Again, we observe that the inclusion of the K * exchange gives small increases in the peak region, but the line shape remains almost the same. As for the electro-production for Q 2 = (1, 2) GeV 2 in the (middle, right) panels of Fig. 4 , the H peak becomes enhanced considerably, according to the larger K * → γK transition form factor than the K * EM one as explained previously. From these numerical results, we conclude that the Λ * peak can be clearly observed both for the photo-and electro-productions, if the K * N Λ * interaction is finite. On the contrary, if the interaction is negligible, the clear peak signal survives only for the photo-production. Hence, the electro-production is better to test the effects of the K * N Λ * interaction. In Fig. 5 , we also draw the same curves for φ = π and observe similar tendencies, although the H and the BKG contributions interfere destructively. It turns out that this destructive interference makes the H peak more dubious for g = 0 than that with φ = 0. In general, the peak signal decrease with respect to Q 2 . Finally, we are in a position to define a polarization observable as a function of M I , which is similar to the photonbeam asymmetry, and responsible for estimating the effects of the K * -exchange contribution:
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where the subscripts x, y, and z denote the photon linear polarizations ε x (perpendicular), ε y (parallel), and ε z (longitudinal). Here, the incident photon and outgoing K * determines the y-z reaction plane in the center-of-mass frame, as shown in the left panel of Fig. 6 . Note that the third term dσ z /dM I in Eq. (17) only exists for the electroproduction. In the middle panel of Fig. 6 , we depict the numerical results of Σ for the photo-production (Q 2 = 0), using various choices of the model parameters. The shaded area represents the H peak region.
As for g = 0, i.e., the reaction process is dominated by the K-exchange and the values of Σ are positive. This observation indicates that the K-exchange contribution almost disappears for the parallel polarization dσ y /dM I ∼ 0, due to the antisymmetric-tensor structure of M d in Eq. (2) ∝ γ × k K * . In contrast, if we take into account the K * -exchange contribution with g = 1, the perpendicular contribution dσ x /dM I becomes negligible, resulting in the negative Σ values in the peak region as shown in the left panel of Fig. (6) . Again, this behavior can be explained by the Lorentz structure of M a,b,c in Eq. (2) ∝ γ · k K * . As shown by the curves for g = 6, this tendency becomes more apparent, since the higher-pole contribution dominates the cross section for the larger g values.
In the right panel of Fig. 6 , we show the numerical results of Σ for the electro-production in the same manner with the photo-production. Since the spin-0 scalar component of the longitudinal photon polarization enhances the spin-1 exchange contribution, i.e., the K * -exchange one, the third term in Eq. (17) is magnified. Hence, as shown in the right panel of Fig. 6 , the signals in the peak regions become more obvious for g = 1. Note that we observe the same tendency with respect to the larger g for the electro-production as well.
Taking these numerical results of Σ into account, if one observes the positive Σ values for the photo-and electroproductions in the vicinity of the peak region in experiments, it indicates the K * -exchange contribution must be negligible. In contrast, one can conclude that K * N Λ * interaction is sizable, when the negative values of Σ are measured. Consequently, by examining the sign of Σ in the peak region experimentally, one can estimate the strength of g K * N Λ * uniquely.
IV. SUMMARY
In the present work, we investigated the K * photo-and electro-productions via γ * p → K * + π 0 Σ 0 , in which Λ(1405) ≡ Λ * appears as a dominant hyperon resonance near the threshold. Moreover, this reaction process does not contain Σ * (1385), which can interfere with Λ * in the charged channels such as γ * p → K * + π ∓ Σ ± , resulting in a clear signal only from Λ * . The effective Lagrangian method was employed at the tree-level Born approximation. We used the phenomenological strong and electromagnetic (EM) form factors for the relevant hadrons, and the EM form factors for Λ * was parameterized by using the information from the ChUM results. The K * → γK transition form factor was devised from the kaon light-front wave function, which was computed by the nonlocal chiral-quark model in our previous works, whereas the proton and vector kaon EM form factors were taken from available data. Focusing on the two-pole structure scenario of Λ * and the rarely-known K * N Λ * coupling constant g K * N Λ * , we provide the numerical results for the invariant-mass line shape and the photon linear-polarization observable Σ. We list important observations in the present work as follows:
• The lower-pole peak (L) turns out to be unseen, due to its larger width Γ L ≈ 126 MeV Γ H ≈ 30 MeV, when we resort to the ChUM results as theory inputs. It also turns out that the background (BKG) contribution comes mainly from the destructive and constructive interferences between Λ and Σ ground states for the photoand electro-production, respectively. This different interference pattern can be understood by their EM form factors, which modify the phases between the invariant amplitudes.
• We find that the Λ * peak is clearly observed for the photo-and electro-productions with the finite K * N Λ * interaction, whereas the peak survives only for the photo-production when we ignore the interaction. These interesting behaviors of the peak can be understood by the different Q 2 dependences in the K * electromagnetic and K * → γK transition form factors. Taking into account these observations, if the line shapes of the photoand electro-production exhibit considerable differences in the peak region, it can be said that the K * N H interaction is not important.
• In order to estimate the strength of the K * N Λ * interaction more precisely, we suggest a photon-polarization observable Σ. As for the photo-production, where the longitudinal polarization does not exists, the K-and K * -exchange contributions are almost canceled out for the parallel and perpendicular polarizations, respectively. Hence, by construction, Σ becomes positive and negative in the peak region M I ∼ 1.43 GeV for the finite and negligible K * N H interaction, respectively. When the longitudinal photon polarization, which gives the spin-0 scalar (natural spin-parity) component, comes into play for the electro-production, it enhances the K * -exchange contribution and the negative signal becomes more obvious. Thus, by examining the polarization observable Σ in the vicinity of the H peak, one can estimate the strength of g K * N H in the experiments.
Although there are several theoretical uncertainties, such as the parameterization of the relevant form factors, we have provided theoretical results for understanding the nature of Λ * produced with the vector kaon and also suggested how to estimate the K * N Λ * interaction strength uniquely for the future experiments by the LEPS and CLAS collaborations. More realistic production process including the decay of K * → πK in the four-body phase space and the Λ * production with the pseudoscalar-meson beam, such as πN → KπΣ, are being studied, and the related works will appear elsewhere.
